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INTRODUCTION 
The fracture of rock and concrete is characterized by the formation and propagation of 
the fracture process zone. It has been suggested that this process zone is initially formed by 
micro-cracks which subsequently coalesce into a discrete macrocrack. Quantitative study of 
discrete crack propagation has become an important issue in rock mechanics. Examples of 
application of this research area include: rock blasting, oil drilling, and more recently, in 
storage of nuclear wastes in underground rock salt deposits. Linear Elastic Fracture 
Mechanics (LEFM) has been applied by several researchers to understand crack 
propagation in rocks, but the success of the LEFM approach has been limited due to the 
presence of a FPZ at the crack tip, and nonlinear behavior of the material is known to be a 
consequence of this zone. This nonlinear behavior has significant effect on the propagation 
of the fracture and consequent mechanical behavior. There is a lack of detailed information 
regarding the crack propagation as well the FPZ, including shape, size, traction zone and 
crack width. In order to better understand the fracture mechanics of rock, following issues 
need to be addressed, i.e. detection and quantification of the FPZ through experiment, 
interpretation of experimental data to obtain valid material models and use of such models 
in the analysis of a great many engineering problems that involve geotechnical structures. 
Rossmanith (1983) has provided an overview of the various fracture tests conducted 
on rocks. Although numerous experiments have been conducted on concrete using various 
laser interferometry techniques[I,2], few nondestructive evaluation tools have been applied 
to the research of rock fracture. The ESPI technique was adopted in our experiment due to 
its non-invasive nature, high sensitivity and easy adoptability to various test environment 
This new technique can also provide live video display of interferometric fringe pattern, 
real-time monitoring of crack propagation and quantitative measurement of full-field in-
plane displacements. 
TEST SPECIMEN AND TESTING FIXTURES 
The Compact Tension Specimen was used According to LEFM postulations, this type 
of the specimen demonstrates unstable crack propagation, since the Stress Intensity Factor 
(SIF) per unit load increases with an increase in crack length. Specimens were cut out of a 
large block of Indiana Limestone obtained from Sandia National Laboratory, by a rotary 
diamond blade. The dimensions of the specimens were 6"x 6"x 1" (15.24 cmx 15.24 cm x 
2.54 cm). A 2" (5.1 cm) long notch was cut into the specimen. Two loading holes 112" 
(1.27 cm) in diameter were cored into the specimens by a diamond tip core drill. Figure 1 
shows the configuration and dimension of the specimens. 
The experimental set-up used in this experiment was similar to that used by Miller et al 
[3]. A manual loading machine was mounted on a 4'x 6' pneumatic vibration isolation 
Review of Progress in Quantitative Nondestructive Evaluation. Vol. JOB 
Edited by D.O. Thompson and D.E. Chimenti, Plenum Press, New York, 1991 
1741 
LOAD CELL 
I" 
o 
5" 
I 6" ;~ ~o(----''---~>i r I 
Figure 1. Rock Specimen Used in The Experiment 
table. Nitrogen gas cylinders, pressure regulator and filter were needed to operate the 
pneumatic system for the vibration isolation table. The loading frame was rigidly connected 
to the table by two mechanical fixtures. Two tensile grips were designed for Compact 
Tension Specimens. A 3000 lb. (13344 N) load cell was mounted on the loading machine 
for load reading during test. Specimens were held on the grips through two pin bolts. A 
Linear Variable Deferential Transducer (L VDT) was mounted on the specimen for the 
measurement of Crack Mouth Opening Displacement (CMOD). The L VDT was a highly 
sensitive miniature model with a linear range of 0.1" (2.54 mm). The load cell and L VDT 
outputs were monitored by Fluke multimeters. The whole tests were run in a lightproof 
frame which provided the necessary darkroom environment. 
OPTICAL SET-UP AND VIDEO SYSTEM 
The in-plane sensitive optical arrangement was used in our test. The optical set-up is 
shown in Figure 2. Two symmetrical object beams were used to illuminate the specimen. 
The advantage of the set-up is that illumination with two symmetric object beams create 
fringe patterns corresponding to in-plane displacement and reduce out-of-plane sensitivity. 
A CCD camera was used to monitor the specimen in the normal direction. The CCD camera 
is connected with an image monitor which is controlled by an mM-AT PLUS computer. 
When the ceo camera is focused on the specimen, the speckle patterns on the surface of 
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Figure 2. Schematic of Electronic Speckle Pattern Interferometry (ESP!) Setup 
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Figure 3. In-Plane Sensitivity of ESPI 
the specimen produced by laser illumination form an image on the face plate of the ceo 
camera. This face plate has a photo sensitive layer on which an electric charge is produced 
which is proportional to image intensity. The face plate is scanned by an electron beam that 
gives rise to a camera output voltage. After amplification and the addition to the timing 
pulses, the camera signal is used to modulate an electron beam which scans the screen of an 
image monitor so that the original image on the face plate of the ceo camera converts into 
an equivalent image on the image monitor screen. The intensity and the speckle pattern of 
the two images varies in the same way. 
PRINCIPLES OF ESPI 
ESPI is a laser speckle interferometric technique used to determine the displacement 
components of a deformed object. In our test the in-plane displacement is of concern. As 
described above, an in-plane displacement sensitive optical arrangement was adopted. 
With the face plate of the ceo camera located in the image plane of the speckle 
interferometry, the first image obtained with specimen under study in its initial state 
(reference state) is acquired and pushed (stored) in the memory of the computer via a 
'frame grabber'. Then the specimen is loaded and displaced, the real-time image is acquired 
and the live camera signal is subtracted electronically from the stored signal (corresponding 
to reference image). Those areas of the images where the speckle pattern remains correlated 
will give a resultant signal of zero. A black area on the monitor screen appears in places 
where the resulting pixel value is zero. The uncorrelated areas will give non-zero signals. 
Areas at different gray levels will appear which correspond to the non-zero pixel values. As 
the specimen is displaced, the living correlation speckle fringe pattern will appear on the 
image monitor. 
The in-plane displacement component d (Figure 3) is given by [3, 5] 
d=~ 
2 sinS 
where n = fringe number from dark to dark or from light to light. 
( 1 ) 
/.. = wavelength of the laser, 0.632 micro-meters for this experiment. 
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Figure 4. Fringe Pattern Before Crack Extension 
e = the angle between the illumination direction and observation direction, 
45° for this experiment. 
Equation 1 is used to determine the crack opening displacements. As shown in Figure 
4, the fringe counts on the opposite sides of the crack are 8 (left) and 6 (right), 
respectively. The difference in fringe counts 2 represents a displacement of 8.92 x 103 nun. 
a similar method is applied for all fringe patterns recorded to obtain crack opening profiles 
at different load levels. Subtraction correlation fringes appear on the monitor screen and 
defme contours of constant of in-plane displacement 
IMAGE PROCESSING 
The image intensity of the speckle pattern formed by video signal subtraction is low. 
The configuration of the correlation fringes is usually dim. Image processing was therefore 
necessary to enhance the fringe clarity. The Digital Image Processing Software 'IMaster' 
by Robertson Electronics [10] was used for this purpose. 
The Double threshold technique was used to enhance the distinction between dark 
fringes and light fringes. Initially two different intensity levels (grey level), lower level 
(threshold 1) and upper level (threshold 2), were chosen. Transfer function maps all input 
values below the threshold 1 and above the threshold 2 to zero. All input values between 
the lower and the upper grey levels are mapped to 255 (brightest). This process improves 
the contrast in fringes. High-pass filtering and low pass filtering of the signals, which 
remove low and high frequency noise, were subsequently applied to give improved 
visibility fringes. 
EXPERIMENTAL RESULTS 
The study on growth in the fracture process for the specimens of Indiana limestone 
were done both in real-time for detecting the crack initiation and propagation and 
quantitatively for measuring the deformation field which determines the extent and effect of 
the fracture process zone. 
An initial linear behavior before the onset of microcracking was found to exist. This 
stage is characterized by the constant spacing of fringes (Figure 4) indicating that the strain 
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Figure 5. Fringe Pattern After Crack Propagation 
is uniformly distributed. The pre-peak or stable microcrack propagation was detected by 
finding the local perturbations in the fringe pattern such as discontinuities or a sudden 
change in fringe patterns in the zone near the original notch tip (Figure 5). The sudden 
increase in fringe density and sudden change in fringe curvature indicate strain 
concentration in this zone. With the increase of the load this zone becomes larger and larger 
and the nonlinear behavior appears. The main crack (unstable crack) advances at the peak 
load followed by the sudden failure. 
Figure 6 shows the load vs. Crack Mouth Opening Displacement (CMOD) measured 
by using quantitative measurements with ESP!. Crack Opening Proflles at the different load 
level is given in Figure 7. 
The maximum load of the rock specimen under study is 346lb (1272 N). Using the 
peak load and the f"mite element analysis results (Figure 9) of the Stress Intensity Factor 
(SIF) for unit load, the critical values of SIF, Fic was 695 psi vin (0.76 MPavm) for zero 
crack extension, and 915 psi Vin (1.01MPa vm) for the 0.6" (1.52 cm) extension of the 
crack length (critical stable crack length obtained from ESPI right before failure). 
From the finite element analysis results the crack mouth opening displacement for unit 
load and the Young's Modulus value of 4.5 x lO~si (31.03 GPa) was obtained. 
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Figure 6. Load vs. CMOD by ESPI 
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Figure 7. Crack Opening Profiles From ESPI 
FINITE ELEMENT ANALYSIS 
An Interactive Finite Element Method (FEM) Program developed at the University of 
New Mexico was used to interpret some experimental data. The Finite element mesh used 
to analyze the specimen is shown in Figure 8. Because of the symmetrical geometry and 
load it was sufficient to analyze half of the specimens. Eight nodes quadrilateral elements 
were used. In order to model the rll2 displacement variation predicted by linear elastic 
fracture mechanics near the crack tip, quater-point singular triangular elements were defmed 
in the region immediately surrounding crack tip. The crack was progressively extended 
0.2" (0.51 cm) at a time. The Stress Intensity Factor (SIF) and CMOD were calculated at 
each step for unit load. The comparison of the SIFs for unit load calculated using Finite 
Element Analysis and solutions by Tada [8] and Hertzberg [7] are plotted in Figure 9. The 
FEM calculations are in close agreement with the other results. 
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Figure 8. Finite Element Mesh (FEM) Used to Analyze Specimens 
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Figure 9. Comparison ofFEM Results with Theoretical Fonnulii 
Using the value of the Young's Modulus obtained experimentally, the CMOD for unit 
load vs. crack length was calculated as the crack was propagated in the FEM mesh (Figure 
10). An effective crack length at peak load was obtained by comparing the secant slope of 
the experimental Load-CMOD plot at peak load (Figure 6) and the FEM results obtained by 
assuming linear elastic behavior. The effective crack length is the length of the traction free 
crack in a specimen, which has a stiffness (LOAD/CMOD) equal to the secant Modulus at 
the peak load. From Figure 7 the experimental CMOD for unit load is given by: 
0.028 -5 -6 . 346 = 8.09 x 10 (mm) = 3.2 x 10 (m). 
From Figure 10 the effective crack length at peak load was about 2.3 in (5.84 cm). 
Hence this effective crack length was smaller than the crack propagation observed on the 
surface of the specimen by ESPI (0.6", 1.52cm). This result would indicate the presence of 
traction forces behind the crack tip observed by ESPI. The fmite element analysis 
considering the effect of traction force has been done. The results are given elsewhere [3]. 
CONCLUSIONS 
1. Electronic Speckle Pattern Interferometry was successfully applied for the study of 
fracture mechanisms in rocks. The technique has advantages of live video display of 
fringe pattern, direct detection of microcrack zone, real-time monitoring of crack 
propagation and quantitative measurement of displacement field. 
2. The crack initiation and the evolution of the fracture process on the rock specimen 
were observed. The critical stable crack length and the deformation on the specimen 
surface such as Crack Mouth Opening Displacement and the Crack Opening Profiles 
were determined quantitatively. 
3. The Fracture Toughness (critical SIF) was determined for Indiana limestone. Useful 
information about Fracture Process Zone in rocks could be obtained. 
4. Effect and importance of the traction forces due to crack bridging behind the 
interferometrically determined crack tip were evaluated. This crack bridging process is 
the primary phenomena affecting the fracture process zone in rocks. 
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Figure 10. CMOD vs. Crack Length by FEM for Unit Load 
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